Analysis of the 0 g ( 3 P 1 )-B 3 (0 u ) system of I 2 by perturbation-facilitated optical-optical double resonance Structure and rovibrational analysis of the [ O 2 ( 1 g ) v=0 ] 2 [ O 2 ( 3 g ) v=0 ] 2 transition of the O 2 dimer
Resonance-enhanced multiphoton-ionization spectra are presented of the d 1 ⌸ g ←←b 1 ⌺ g ϩ (1,0) transition of O 2 , the b(vϭ0) state generated both by photolysis of O 3 in the Huggins bands and also by direct excitation of single J levels in an optical-optical double-resonance ͑OODR͒ experiment. The ozone-photolysis-derived spectra reveal a preferential formation of b(vϭ0) fragments with high J, the rotational distributions exhibiting significant dependence on the photolysis wavelength. Rotational analyses of the OODR and ozone-photolysis-derived spectra indicate that the d(vϭ1) Rydberg state is multiply perturbed by successive vibrational levels of the II 1 ⌸ g valence state. The OODR technique allows the first full resolution of the low-J levels of d(vϭ1) and the high-J levels favored by the ozone-photolysis technique are reported here for the first time. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1513462͔
The d 1 ⌸ g Rydberg state of O 2 has been the subject of renewed interest, not only fundamentally, due to its complex spectroscopy, 1,2 but also through its use as an intermediate state in resonance-enhanced multiphoton-ionization ͑REMPI͒ dynamical probes of the metastable singlet states, a 1 ⌬ g and b 1 ⌺ g ϩ , formed by microwave 3 or optical [3] [4] [5] [6] excitation of O 2 , or photolysis of O 3 . 3, 7 Two of these experimental techniques have recently provided advances in knowledge of the d-state spectroscopy, particularly through the use of the b state as a platform. First, optical-optical double-resonance ͑OODR͒-REMPI studies have been performed on the d(vϭ0) 6 and d(vϭ3) 5 levels excited via single rotational levels of the b(vϭ0) state, resulting in great spectral simplification and full resolution of many rotational levels for the first time, together with the revelation of local perturbations 5 and unique quantuminterference effects. 8 Second, the REMPI probing of ozonephotolysis products has provided the first information on high rotational levels of d(vϭ2 -4), as well as interesting dynamical information on the formation of O 2 (a 1 ⌬ g ) and, of most relevance to this work, O 2 (b 1 ⌺ g ϩ ) in the photodissociation of ozone. 3, 7 In particular, O'Keeffe et al. 7 have demonstrated the production of O 2 (b 1 ⌺ g ϩ ) following the photolysis of O 3 in the Huggins bands,
by observing the d←←b(2,0) transition in a (2ϩ1)-REMPI probe of the O 2 photofragments. However, they 7 were unable to quantify the nascent J distribution of the b(vϭ0) fragments because of strong perturbation of the d(vϭ2) level due to Rydberg-valence interactions. 1 Here, we report observations of the d←←b(1,0) band of O 2 following Huggins-band photolysis of O 3 . Analyses of these REMPI spectra yield, not only the first information on d(vϭ1) rotational levels with JϾ29, including the revelation of a series of Rydberg-valence perturbations, but also the first estimate of an O 2 (b)-state fragment rotational distribution in O 3 photolysis, which is found to peak at high J. These data are supported by an OODR-REMPI study of the J ϭ1 -18 levels of d(vϭ1) which has allowed their full resolution for the first time. The only previous rotational analyses for d(vϭ1), from d←←a(1,0) and/or d←←X(1,0) spectra 9,10 containing many blended lines, are those of Sur et al. 9 (Jϭ1 -12) and Lewis et al. 2 (Jϭ1 -29).
The apparatus for the ozone photolysis experiment has been described elsewhere. 7 Briefly, independently tunable, counterpropagating, XeCl-excimer-pumped, dye-laser pump ͑PTP, 10 mJ per pulse͒ and probe ͑QUI, 20 mJ per pulse͒ beams were focused together simultaneously, using lenses of 6 cm focal length, in an ionization chamber, intersecting a pulsed O 3 -in-He molecular beam at 90°. Following photolysis of the ozone by the pump beam, the resultant O 2 ͓b 1 ⌺ g ϩ (vϭ0)͔ fragments were probed using a ͓(1ϩ1Ј) ϩ1͔-REMPI scheme, accessing the d(vϭ1) state at the two-photon step. The O 2 ϩ ions produced were collected by a linear time-of-flight mass spectrometer and the ion current from the micro-channel-plate detector was processed by a boxcar integrator. The very similar apparatus for the OODR experiment has also been described elsewhere. 6 In this case, a pulsed O 2 molecular beam was employed and the pump laser ͑R700, 5 mJ per pulse͒ was used to directly pump the a͒ Present address: LURE, Bâtiment 209D, Center Universitaire Paris-Sud, F-91898, Orsay Cedex, France.
760 nm, selectively exciting single rotational levels of the b state. These levels were probed ͑frequency-doubled C102, 3 mJ per pulse͒ using a ͓(1ϩ1Ј)ϩ1Ј͔-REMPI scheme.
In the OODR experiment, the probe laser was simultaneously calibrated optogalvanically, 6 while the accurately known b←X transition energies 11 served to effectively calibrate the pump laser. As a result, the OODR spectra are, in principle, calibrated to Ϯ0.5 cm Ϫ1 . However, we note that Ridley et al., 6 in a comparable OODR study of the d(v ϭ0) state, found that the line positions were subject to laserpower-dependent shifts of up to 2 cm Ϫ1 to the blue, so the current spectra may be subject to an additional systematic energy uncertainty. Unfortunately, since maximum laser power was normally necessary to obtain spectra of reasonable signal-to-noise ratio for transitions to these strongly predissociated d(vϭ1) levels, 2 it was not possible to perform meaningful power-dependence studies of the line positions and widths in either the ozone-photolysis or OODR experiments. The ozone-photolysis-derived spectra were calibrated against the OODR spectra, indirectly, by comparing the corresponding inferred d(vϭ1) term values. Since, as will be seen below, different groups of d-state rotational levels were probed in each experiment, some degree of extrapolation was involved in this procedure. The additional uncertainty introduced by this extrapolation was minimized by bridging the gap between each set of measurements using the relative d(vϭ1) terms of Lewis et al. 2 We estimate that the resultant absolute calibration uncertainty for the ozone-photolysisderived spectra is Ϯ2 cm Ϫ1 .
The d←←b(1,0) ͓(1ϩ1Ј)ϩ1͔-REMPI spectra recorded following O 3 photolysis at 337.2 and 344 nm, shown in Fig. 1 , exhibit regions of perturbation and differ significantly, suggesting photolysis-wavelength-dependent J distributions for the b(vϭ0) fragments, higher J-values corresponding to the shorter photolysis wavelength. The spectra are significantly power broadened, with apparent line widths of ϳ8 cm Ϫ1 full-width at half-maximum ͑FWHM͒. Nevertheless, we have managed to assign most of the rotational structure, which, as indicated in Fig. 1 , appears to originate preferentially from b-state rotational levels in the range J ϭ22-50. Transition energies for the rotational branches assigned in Fig. 1 , listed in the second part of Table I, were determined from the positions of peaks in the two spectra. 12 Many lines are either partially or completely blended, but the S-branch peaks are fairly well resolved. The estimated uncertainty in determining the energy of an isolated peak is ϳ1 cm Ϫ1 , i.e., less than the absolute calibration uncertainty. TABLE I. Rotational-branch energies for d 1 ⌸ g (vϭ1)←←b 1 ⌺ g ϩ (v ϭ0,J) transitions observed in the REMPI spectrum of O 2 , in cm Ϫ1 . For Jр16, the energies are from the OODR spectra of Fig. 2; for Jу22, the energies are from the ozone-photolysis-derived spectra of Fig. 1 The d(vϭ1,J d )←←b(vϭ0,J b ) OODR-͓(1ϩ1Ј) ϩ1Ј͔-REMPI spectra are shown in Fig. 2 for J b ϭ0 -16. Each spectrum in Fig. 2 has been shifted upwards in energy by an amount equal to the appropriate b-state energy. Thus, peaks in the spectra resulting from transitions to a given rotational level of the d state, e.g., R(J) and P(Jϩ2), occur at the same energy in Fig. 2 , the resultant energy scale reflecting the term energy of the d state. The spectral simplification resulting from the pumping of single b-state levels is evident, with, for the most part, single, resolved O, P, R, and S branches occurring in each spectrum. 13 As is the case for the ozone-photolysis-derived spectra of Fig. 1 , the spectra in Fig. 2 are significantly power broadened, with apparent line widths of ϳ7 cm Ϫ1 FWHM, making it difficult to determine the smaller predissociation line widths. Of particular interest in Fig. 2͑b͒ is the absence of clearly observable transitions to the Jϭ12 and 13 levels of the d state. This fact is consistent with the conclusion of Lewis et al. 2 that the d(vϭ1) level suffers a local perturbation by the more strongly predissociated II 1 ⌸ g valence state, near Jϭ12, the resultant statemixing leading to diminution of the corresponding REMPI signal because of increased competition with predissociation. Transition energies for the rotational branches assigned in Fig. 2 are listed in the first part of Table I . 14 Rotational terms for d(vϭ1) were deduced from the transition energies in Table I using the b(vϭ0) terms implied by the spectroscopic constants of Ref. 11, 15 referred to an energy zero for the X 3 ⌺ g Ϫ (vϭ0) state defined by the Zare Hamiltonian. 16 These d(vϭ1) terms, for the most part supported by combination differences, 17 are listed in Table II and displayed as reduced terms ͑circles͒ in Fig. 3 , grouped in segments labeled a through e. Four local perturbations are evident, culminating at JϷ12, 30, 39.5, and 46, respectively, with effective interaction matrix elements H 12 Ϸ11, 18, Ϸ21, and Ϸ22 cm Ϫ1 , respectively. Previously, only segment-a and some segment-b terms have been reported, 2,3,9 containing only the single perturbation at J Ϸ12, attributed to a homogeneous interaction with the v ϭ5 level of the II 1 ⌸ g valence state. 2 The new perturbations observed here are evidently due to the vϭ6 to 8 levels of the same state. This interpretation is supported by coupledchannel ͑CC͒ calculations using the 1 ⌸ g Rydberg-valence interaction model of Ref. 2 ͑solid curves in Fig. 3 , raised by 8 cm Ϫ1 ), which are in excellent structural agreement with the experimental results. These new experimental data should be useful in refining the CC model of Lewis et al. 2 A quadratic fit to the segment-a terms in Table II yields the following spectroscopic constants: 0 ϭ68 230.4Ϯ0.3 cm Ϫ1 , Bϭ1.661Ϯ0.012 cm Ϫ1 , and Dϭ(2.7Ϯ0.9)ϫ10 Ϫ4 cm Ϫ1 , where the uncertainties are 1 values and the rootmean-square deviation of the fit is 0.4 cm Ϫ1 . This B value is consistent with expectation for a Rydberg series converging on the vϭ1 level of the ionic ground state X 2 ⌸ g which has Bϭ1.66 cm Ϫ1 , 18 the anomalously large D value arising because of the perturbation by the valence state discussed above. The present band origin differs by Ϫ8 cm Ϫ1 and ϩ4 cm Ϫ1 , respectively, from the values reported by Morrill et al., 1 derived from the experiments of Sur et al. 9 and Loo, 10 were probably uncalibrated. The present segment-a and -b terms exceed those in the thesis of Ref. 3 by an average of 1.9 cm Ϫ1 , within the combined uncertainties, the residual difference probably arising 3 due to differing degrees of power shifting in the two studies. Rotational distributions for the b(vϭ0) state formed in reaction ͑1͒, shown in Fig. 4 , were deduced from the spectra of Fig. 1 by correcting the apparent strengths of the S-branch lines for the effects of probe-laser intensity variations, the two-photon rotational line strengths, 19 and, using the CC calculations, 2 the anomalous effects on the electronic part of the strengths caused by the Rydberg-valence interactions. In this procedure, the ionization step in the REMPI process was assumed to be saturated, the relative ion signals deduced from the CC absorption intensities by scaling according to the inverse of the CC predissociation line widths. We emphasize that the present distributions are only roughly determined, with estimated uncertainties near their peaks of ϳ30%. However, it is apparent that the b(vϭ0)-state rotational distributions for photolysis wavelengths of 337.2 and 344 nm, which excite the ͑4,0,1͒ and ͑3,0,1͒ Huggins bands of O 3 , respectively, 20 peak near Jϭ34 and 28, with FWHMs ⌬JϷ15. A preliminary analysis indicates that excitation of the ͑3,1,1͒ band at 340 nm yields a significantly lower J distribution than either of the above. This, apparently vibration-dependent, predissociation thus yields distributions with a much stronger wavelength dependence than predicted by the direct-dissociation model of Levene and Valentini, 21 TABLE II. Rotational term values for the d 1 ⌸ g (vϭ1) level of O 2 , in cm Ϫ1 , relative to X 3 ⌺ g Ϫ (vϭ0). For Jр18, the terms are from the OODR spectra of Fig. 2; for Jу23, the terms are from the ozone-photolysis-derived spectra of Fig. 1 . The terms occur in five segments, a through e ͑see text͒.
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a Term value derived primarily from shoulders in spectra. Fig. 1 as described in the text. and observed in a(vϭ0)-state J distributions following O 3 photolysis in the Hartley band. 22 Further investigation of this effect is warranted.
